i) University of
= Zurich™

Associated production of a W boson
with a top-quark pair in NNLO QCD

Luca Buonocore
University of Zurich

in collaboration with S. Devoto, M. Grazzini, S. Kallweit, ]J. Mazzitelli, L. Rottoli and C. Savoini
larXiv:2306.16311]

SM@LHC 2023
FermiLab - 11th July 2023



Introduction

The production of a top-quark pair together with a vector or Higgs boson is among the most massive SM
signatures at hadron colliders
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vl ATLAS Preliminary
| M Theor
5 10° Foo. Run 1,2 +/s=15,7,8,13 TeV y E .
: : Small cross sections, but already
Vv i
“ o H : observed and measured with
102 | . n LHC pp Vs=7 TeV _ . .
: v o W o5 osont 10 — 20 % uncertainties
A LHC pp Vs =8 TeV
n A Data 20.2 —20.3fb!
10" £ B ;
: A LHC pp V& = 13 Tev : Crucial to characterise the top-quark
BEl Dai=2 32- 13910 I . . . . .
interactions, in particular with the
1 F iCh = R
: a - - o § Higgs boson
: . :
i . B _
A
1071 F O E
- ' ;
-
102 E _
tt t twW t ttwW ttZz ttH tty ty tZj 4t
t-chan s-chan fid. {+jets fid. ¢

SM@LHC 2023 - FermiLab - 11th July 2023



Introduction

Among the other 17X processes, the 1t W process is rather peculiar

> Complex final-state signature characterised by two b-jets and three W bosons: irreducible SM source of same
sign dilepton pairs

Relevant for BSM searches in multi-lepton signature

> It represents a relevant background also for SM processes like t7H and tftf production

see balle bv Zhi Zheng
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Introduction

Among the other 17X processes, the 1t W process is rather peculiar

> The W boson can only be emitted off an initial-state light quark: no gluon fusion channel at LO

q ; Different pa&%evm of radiakive corrections
m<t o2a %<2 3
| LO QCD
3
NLO QCD

Large NLO QCD corrections: O(50 — 90%)

Giant K-factor in the region of high
transverse momenta of the top-quark pair,
which recoils against a hard jet while the W

boson is relatively soft [Maltoni, Pagani, Tsinikos, 2015]
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Introduction

Among the other 17X processes, the 1t W process is rather peculiar

» The W boson can only be emitted off an initial-state light quark: no gluon fusion channel at LO

Subleading EW
[Frederix, Pagani, Zaro, 2017]

Large positive subleading EW O(+10%) (at
the LHC) which partially cancels against
the negative NLO EW O(-5%)

Dominated by configuration involving the
tW — tW scattering process and enhanced

by the gluon luminosity
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State of the art: theory

NLO QCD corrections
[Badger, Campbell, Ellis, 2010] [Campbell, Ellis, 2012]

NLO QCD + EW corrections (on-shell top quarks and W)

[Frixione, Hirschi, Pagani, Shao, Zaro, 2015] [Frederix, Pagani, Zaro, 2017]
inclusion of soft gluon resummation at NNLL

[Li, Li, Li, 2014] [Broggio, Ferroglia, Ossola, Pecjak, 2016] [Kulesza, Motyka, Schwartlaender, Stebel, Theeuwes, 2019]
NLO QCD corrections (full off-shell process, three charged lepton signature)

[Bevilacqua, Bi, Hartanto, Kraus, Nasuti, Worek, 2020-2021] [Denner, Pelliccioli, 2020]

combined NLO QCD + EW corrections (full off-shell process, three charged lepton signature)
[Denner, Pelliccioli, 2020]

NLO QCD + EW (on-shell) predictions supplemented with multi-jet merging as la FxFx
[Frixione, Frederix, 2012] [Frederix, Tsinikos, 2021]

\ Current theory reference in

camparison wikth daka
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[CMS, 2208.06485, 2022]

State of the art: data-theory comparison ATLAS-CONF.2023-019, 2023]

> FxFx multi-jet merging (including NLO QCD corrections to ¢ Wj) and EW corrections increase the NLO QCD
Cross sections

> Nonetheless, measured tfW rates by ATLAS and CMS at \/E = 8 TeV and \/E = 13 TeV are consistently higher
than the SM predictions. This tension is also confirmed by indirect measurements of ¢ W in the context of ttH
and tftt analyses

> The most recent measurements confirm this picture with a slightly excess at the 16 — 2o level
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State of the art: data-theory comparison

> ATLAS measured also differential distributions, finding a disagreement in the overall normalisation
consistent with the inclusive measurement result

> The latest off-shell fixed-order predictions give indications that this disagreement is not predominantly due to
missing singly-resonant contributions which are not included in the reference on-shell predictions
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State of the art: data-theory comparison

Mo ques&ww

[s the discrepancy due to missing higher order corrections (aka NNLO QCD corrections to
the on-shell 1t W process)?
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State of the art: data-theory comparison

Mo qu@.s&wm:

[s the discrepancy due to missing higher order corrections (aka NNLO QCD corrections to

the on-shell 1t W process)? S

very &omgti&a@a& caleculakion!

Z*LQQF virtual ampi&m&e
bejamd current %e&kmaiogv
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Outline

e Methodology: slicing formalism
e Methodology: two-loop virtual amplitude
e Phenomenological results

e (Conclusions
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Outline

e Methodology: slicing formalism
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Infrared singularities

Class of contributions entering the NNLO corrections

N/ N NS
RN N / T\

Virtual Real=Virktual Real

KLN theorem and collinear factorisation ensure the cancellation of singularities for any infrared safe observables,
but virtuals, real-virtual and reals live on different phase spaces and are separately divergent ...

Subtraction/Slicing scheme required!
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g-subtraction formalism Catani, Grazzini, 2007]

Cross section for the production of a triggered final state F at N*LO

1 [n2k-1 97
do
_ dr 0
dqr
Q%H qdr

IdGNkLO =X @ do;+ J ldaﬁk_lw — dajf,jkTLO] + O ((Q%ut)f)

qr>q5™
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gr-subtraction formalism: extension to massive final states

[ dGNkLO =7 ® dULO T J lddls’c—lw o dazgkio +0 <(q%ut)f>

] qar>q7"
All ingredients for 1#W + j @ NLO available:

Required matrix elements implemented in public libraries such as OpenLoops?2

[Buccioni, Lang, Lindert, Maierhofer, Pozzorini, Zhang, Zoller ‘19]

Local subtraction scheme available, for example dipole subtraction
Catani, Seymour, ‘98] [Catani, Dittmaier, Seymour, Trocsanyi '02]

Automatised implementation in the MATRIX framework, which relies on the efficient multi-channel Monte Carlo
integrator MUNICH

[Grazzini, Kallweit, Wiesemann ’17] [Kallweit in preparation]
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gr-subtraction formalism: extension to massive final states

[dGNkLO — % ® dGLO + J ldﬁ =170 do kLO] ((qcut)f)

qr>q5"

Z contains virtual correction after subtraction of IR singularities and contribution of soft/ collinear origin

¢ Beam functions V

(Catani, Cieri, de Florian, Ferrera, Grazzini '12]
‘Gehrmann, Luebbert, Yang "14]

Echevarria, Scimemi, Vladimirov ’16]

Luo, Wang, Xu, Yang, Yang, Zhu "19]

Ebert, Mistlberger, Vita]
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gr-subtraction formalism: extension to massive final states

J dGN"LO =7 @ dULO T J ldgll\gk—lw - dd]\?ki@ +0 <(q;ut)f)

] qr>q5"

Z contains virtual correction after subtraction of IR singularities and contribution of soft/ collinear origin

The resummation formula shows a richer structure
e Soft function because of additional soft singularities

e Soft logarithms controlled by the transverse
momentum anomalous dimension I', known up to

g~ 1b NNLO [Mitov, Sterman, Sung, 2009], [Neubert, et al
2009]

1/bSqrSM

1/2 . . .
S @ e Hard coefficient gets a non-trivial colour structure
1/2& _ (matrix in colour-space)
S, @,
A e Non trivial azimuthal correlations
1165 g5 S M
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gr-subtraction formalism: extension to massive final states

[ dGNkLO =7 @ dULO T J ldgll\gk—lw o d"zgfzia +0 <(q%ut)f>

] qr>q5"

Z contains virtual correction after subtraction of IR singularities and contribution of soft/ collinear origin

The resummation formula shows a richer structure
e Soft function V because of additional soft singularities

gr subtraction formalism extended to the case of heavy
quarks production [Catani, Grazzini, Torre, 2014]

Successful employed for the computation of NNLO
QCD corrections to the production of

* a top pair [Catani, Devoto, Grazzini, Kallweit,
Mazzitelli, Sargsyan 2019]

* a bottom pair production [Catani, Devoto, Grazzini,
Kallweit, Mazzitelli, 2021]
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gr-subtraction formalism: extension to massive final states

J dGN"LO =7 @ dULO T J ldgll\gk—lw o d"zgkia +0 <(q;ut)f)

] qr>q5"

Z contains virtual correction after subtraction of IR singularities and contribution of soft/ collinear origin

The resummation formula shows a richer structure
e Soft function V because of additional soft singularities

Non trivial ingredient

e Two-loop soft function for heavy-quark (back-to-

gr ~ 1/b back Born kinematic) [Catani, Devoto, Grazzini,
Ub< g SM Mazzitelli,2023]

S/? Q e Recently generalised to arbitrary kinematics
@; B [Devoto, Mazzitelli in preparation]
S1/2 Q
A
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gr-subtraction formalism: extension to massive final states

[ dGNkLO =7 @ dULO T J lddll\gk—lw o d"zgfzia +0 <(q%ut)f>

] qr>q5"

Z contains virtual correction after subtraction of IR singularities and contribution of soft/ collinear origin

The resummation formula shows a richer structure
e Soft function V because of additional soft singularities

Once the corresponding two-loop amplitude is
available, the framework allows the calculation of the
NNLO correction to the production of a massive
heavy-quark pair and a generic color singlet process

» First applications: tTH, bbW
[Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini,
2022]

[Buonocore, Devoto, Kallweit, Mazzitelli, Rottoli, Savoini,
2022]
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g-subtraction formalism: hard-virtual coefficient

All the ingredients are available and implemented in MATRIX except for the two-loop virtual amplitude entering

H
A = H5(1 — Z1)5(1 — Zl) + 5H(Zla Zz)

in terms of the perturbatively computable hard-virtual function

2R < M| MO >
| MO |?

H" = | M (ig) > = Z7 () | M >

IR subtraction at subtraction scale yr
[Ferroglia, Neubert, Pecjak, Yang, 2008]

At NNLO, the only missing ingredient is then contained in the H'® contribution

SM@LHC 2023 - FermiLab - 11th July 2023
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Outline

e Methodology: two-loop virtual amplitude
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Two-loop virtual amplitude

W s-point amyumd@. with 1 massive particle
current state of the art, more massive leqgs
out of reach!

[Badger, Hartanto, Zoia, 2021]
[Abreu, Febres Cordero, Ita, Klinkert, Page, Sotnikov, 2021]

SM@LHC 2023 - FermiLab - 11th July 2023
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Two-loop virtual amplitude

W s-point &mpti&ud@. with 1 massive particle
current state of the art, more massive leqgs
out of reach!

[Badger, Hartanto, Zoia, 2021]
[Abreu, Febres Cordero, Ita, Klinkert, Page, Sotnikov, 2021]

Svark idea: look for reliable approximation(s) based on factorisation theorems
In some kinematical regimes, the amplitude “factorises” into a calculable factor and a

O simpler (available) amplitude

® the energy and mass of the W boson are smaller than the other relevant scales

Ew, my,

® the mass of ¢/t is negligible compared to their energy (ultra relativist tops) boson
massification

SM@LHC 2023 - FermiLab - 11t July 2023 1



Two-loop virtual amplitude

W s-point amgtiéud@. with 1 massive particle
current state of the art, more massive leqgs
out of reach!

[Badger, Hartanto, Zoia, 2021]
[Abreu, Febres Cordero, Ita, Klinkert, Page, Sotnikov, 2021]

Svark idea: look for reliable approximation(s) based on factorisation theorems

In some kinematical regimes, the amplitude “factorises” into a calculable factor and a
O simpler (available) amplitude

o Disclainaer: None of the two regimes is obviously reasonable for the bulk of
W

m
4 the events. The quality of the approximation must be carefully assessed

Good starting point: two largely complementary approximations!

S

SM@LHC 2023 - FermiLab - 11t July 2023 1



Soft approximation

In the limit in which the incoming gg’ pair emits a soft W, the multi-loop QCD amplitude factorises as

Pk o 8 (pz-e*(k) pl-e*(k)) y
py -k py -k

| %qq’—n‘fw o \/5

Eikonal factor
(analogous to soft photon/gluon)

Remarks

e the soft W emission selects a particular helicity configuration

, _, _ . . . Barnreuther, Czakon, Fiedler, 2013]
e the required NNLO QCD ¢g" — 7 amplitude is available [Chen, Czakon, Poncelet, 2017 ]

‘Mandal, Mastrolia, Ronca, Bobadilla Torres, 2022]

e the use of the formula for a generic phase point required a momentum mapping;
we adopt a recoil scheme in which the momentum of the W is absorbed by the top quark pair preserving the
invariant mass of the event
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Soft approximation

In the limit in which the incoming gg’ pair emits a soft W, the multi-loop QCD amplitude factorises as

|%[p,k] S g (Pz - e%(k)  pr- 5*(]{)) v

Pk p1-k

7'—twW -
q9 \/5

Eikonal factor
(analogous to soft photon/gluon)

Remarks

e We apply the approximation for estimating the hard-virtual coefficient

both on numerator and denominator: in this way we are effectively reweighing by the exact LO result!

SM@LHC 2023 - FermiLab - 11th July 2023
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Application of soft approximation: ttH

[Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini, 2022]

In the case of soft H emission, we have a similar factorisation formula (for soft scalars)

M5 > = Fla(0R):m ug) X I X | M2 >

“— T~

Normalisation correction factor Eikonal factor

beyond LO factorisation
Calculable in perturbation
theory

SM@LHC 2023 - FermiLab - 11t July 2023 13



Application of soft approximation: ttH

[Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini, 2022]

In the case of soft H emission, we have a similar factorisation formula (for soft scalars)

| /”%Zk] >~ Fla(uR);m,/pug) X J(k) X | /ﬂgﬂ >

pp — ttH UR = pp = my + my/2
Successfully applied to tfH production at hadron colliders 1 L0 '
- NLO
e Careful assessment of the uncertainties associated to the soft 10t s
approximation 3OS 61— .
~ 100 % uncertainty in gg, ~ 15 % uncertainty in gg = : ‘ |
. — 10" I —
it works better for the gg channel | 0.5 =2
0.4 1
o Relative size of the hard contribution Aoy oy Wrt the 6y o 10~ 3
~1% ingg, ~3%in qgq s
Fr ::::::::::::::::::::::::Z::::::::::::::::::::::: ----------------
P NN RN NN EEEEEEEEEEEEEEEEEEEEE, ; ) e
: FINAL UNCERTAINTY: <
ubdominant w : |
: £0.6 % on oxng o £15 %oon Aoyn o - sub ant wrt ¢ ~10E. | ——F———
.................................................... scale variakions! 8 13 27 50 100
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Massification procedure in a nutshell

[Mitov, Moch, 2007]

Amplitude factorisation in massless QCD [Catani, 1998][Sterman, Tejeda-Yeomans, 2003]
0’ 0’
‘%[p] > = j[p] ?, 055(/42)» e | x S {ki}?a as(//tz)a e | X| H'r >
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Massification procedure in a nutshell

[Mitov, Moch, 2007]

Amplitude factorisation in massless QCD [Catani, 1998][Sterman, Tejeda-Yeomans, 2003]
0’ 0’
‘%[p] > = j[p] ?a 055(/42)» e | x S {ki}?, as(//tz)a e | X| H'r >

Amplitude factorisation in QCD with a massive parton of mass m?* < Q*

Q2 m2 Q2

4P > = FPH = o), | x SV (k)5 asw), e | X | > + 6

H

m2

0

> 2 > 2 ) 2 1/2
g ( fz , 'Z; as(1), €> =[] ( fz , 'Z; as(u?), e) =] (%’ ( 52 , 'Z; as(u), e)>

l
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Massification procedure in a nutshell

[Mitov, Moch, 2007]

Caveat: starting from NNLO, heavy quark loop insertions break this
simple “collinear” factorisation picture

We estimate that they have a negligible impact by inspecting the tree-level
emission process of four tops and by removing heavy quark loop diagrams
from the real-virtual contribution

2 2 >
P > = g0 ( S o) e ) x s ( (1) agud e
u p ’
0% m? | 0* m? .
J7! (/12 ; ,ulz 055(/42)»€> = Hjl(ﬂz : /412 0‘5(/42),6) = H(gl(

SM@LHC 2023 - FermiLab - 11th July 2023
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Q2
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Massification procedure in a nutshell [Mitov, Moch, 2007]

Master formula of “massification”

1/2
2 2
m m
| AP > = I I Zii F,(ls(ﬂz),G X | MP > + O 0
l
—1
2 2 2 2
m i Q m; i Q
Z (p,as(//iz)ﬁ) =F (/,ﬂ’ quaas(ﬂz)a 6) [9‘7 (?,Oﬂs(ﬂz), 6)]

History & Remarks

e Neglecting heavy quark insertions, the formula retrieves mass logarithms and constant terms

e Consistent with previous results for NNLO QED correction to Bhabha scattering {S'O}’erzrgggsgggzl]r VanderBij, 2001]
enin -

e Successfully employed to derive and cross check results for gg — 00 and gg — 00 amplitudes

e Recently extended to the case of two different external masses (M > m) [Czakon, Mitov, Moch, 2007]

[Engel, Gnendiger, Signer, Ulrich 2019]

SM@LHC 2023 - FermiLab - 11t July 2023 15



[Buonocore, Rottoli, Savoini,

WQQAmp a massive C++ implementation https://gitlab.com/lIrottoli/WQQAmp]

We have implemented the one-loop and two-loop amplitudes of [Abreu et al, 2022] in a C++ library for the
efficient numerical evaluation of the massive amplitudes

[Buccioni, Lang, Lindert, Maierhofer, Pozzorini,
Zhang, Zoller, 2019]

[Chicherin, Sotnikov, Zoia 2021]

: evaluation of exact one-
evaluation of pentagons | : tud
functions \ B / OOp AmpHIIAes
_s’

2R < M, | M >
| My |

PS5 = {p19p29 °°°9p6} —_—

massive phase space point
mapped into a massless one
(the mapping reduces to the identity in
the massless limit)

Finite remainder defined subtracting the IR

poles as defined in [Ferroglia, Neubert,
Pecjac, Yang, 2009]

D O(4s) per phase space point

SM@LHC 2023 - FermiLab - 11th July 2023
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Application of massification: bbW

[Buonocore, Devoto, Kallweit, Mazzitelli, Rottoli, Savoini, 2022]

bbW ideal candidate to apply the massification procedure: clear hierarchy between the bottom mass and the
characteristic hard scale

| | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | i
: ‘ NNLO (4FS) .
The calculation with massive bottom quarks (4FS) reduces 000 - @ NNLO (5FS) flav. anti-kr (a = 0.1) 1
ambiguity related to flavour tagging beyond NLO =400 k\\ = NNLO (5FS) flav. anti-kr (a = 0.2) -
associated to a massless one (5FS) T N :
Q":" 300 NN -
X NN O\ :
. ~ 200 S S—— TUTUT SN Sss =
Massless calculation g ST :
[Hartanto, Poncelet, Popescu, Zoia, 2022] 100 -
Jet algorithm ONNLO [fb] KNNLO 0 J
a il N R N T T A T T A B N TR N A A T N A A N T I
ﬂavour—kT % 1.50 | | | | | | |
flavour anti—kT @(50%) 5 1.25 .
(a = 0.05) diﬁ%&r@,w:@. whein é 100 A S SIS
) . N : R
flavour anti-kr 677 (7):1,(.)4%% 1.36 using flavour kr % - RS ——
(a=0.1) algorithm P
. , = 0.50 | | | | l l |
flavour anti-kr 647(7)+3.5% 1.33 g%zzaz';"“' Mitov, Poncelet, " 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
(a =0.2) ARy,
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Quality of the approximations for W

Observations

e in ttH, relatively large uncertainty due soft approximation but the corresponding hard contribution represent

a small fraction of the NNLO QCD correction
but the a[z@proxamaﬁam works better for the g7 channel!

e massification approach fully justified for bbW
does it still work for a very heavy quark as the top?
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18



Quality of the approximations for W

Observations

e in ttH, relatively large uncertainty due soft approximation but the corresponding hard contribution represent

a small fraction of the NNLO QCD correction
but the approx&maﬁom works better for the g7 channel!

e massification approach fully justified for bbW
does it still work for a very heavy quark as the top?

Analysis at NLO (comparison with the exact result!)

exact _3 e Both approximations provide a good estimate of the exact
soft

massification - one-loop contribution!

—
O
Ot

T I T

—
-
-

/AoNLO H

e Clear pattern: soft approximation tends to undershoot the
exact result while massification tends to overshoot it

approx

NLO.H
-
Ne)
&)

©
a
0.90 _
| N SN o . e Convergence in the asymptotic limit for high p; top quarks
s 00Ge e e where both approximation are expected to work
i\ =2 R i 7 PP P
Pl
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Quality of the approximations for W

Observations

e in ttH, relatively large uncertainty due soft approximation but the corresponding hard contribution represent
a small fraction of the NNLO QCD correction

but the apprax&maﬁam works better for the g7 channel!

e massification approach fully justified for bbW

does it still work for a very heavy quark as the top?

Analysis at NNLO
L4 ense e Similar pattern as at NLO
gm massification
S 127
s Q ! . . . o
= | e Uncertainties estimated as the maximum between what
© [ . . .
< 1.0 we obtain varying the subtraction scale 1/2 < pr /Q < 2
mﬁ B ° ° .
i | and twice the NLO deviation
%bé 0.8 i
R
0.6 e Soft approximation and massification are consistent within
e (LQQGG\I 5QQGQ\T - NG their uncertainties!
prilf pril pril
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Quality of the approximations for W

Observations

e in ttH, relatively large uncertainty due soft approximation but the corresponding hard contribution represent

e massification approach fully justified for bbW

a small fraction of the NNLO QCD correction

Analysis at NNLO

approx average

approx
/Ao NNLO,H

Ao

NNLO,H

but the approx&maﬁam works better for the g7 channel!

does it still work for a very heavy quark as the top?

— — —
- ) S
— —

=
Qo
T I T

average
soft

massification -

Best prediction obtained as average of the two with linear
combination of uncertainties

Relatively large impact of two-loop virtual contribution:
~ T % of NNLO cross section

FINAL UNCERTAINTY:

similar to what obtained in

E i 1.8 % on GNNLO’ i25 % on AGNNLO H E recent 2 — 3 in leading
A EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEENNR | COlOllI' apprOleation

see e.g. [Abreu, De Laurentis, Ita, Klinkert, Page, Sotnikov 2023]
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Outline

e Phenomenological results
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Setup

EW
pdf sets

Xs

scale variations

Main input values

m, = 172.2 GeV
my, = 80.385 GeV

W+ X @1/s = 13TeV

Gu-scheme, CKM diagonal
NNPDF31 nnlo as 0118 luxged

3-loop running with nf=>5 light quarks

7-point (172 < up/pur < 2)

Reference scale

my M
= m, + —
Ho t 5 5
Other scales

m, = 91.1876 GeV _
- mp(W) +my(t) + my(t) _ Hy

G, =1.6639 x 107> GeV~> i > 2

SM@LHC 2023 - FermiLab - 11th July 2023



Scale variations and perturbative uncertainties

We estimate the perturbative uncertainties (due to missing higher order corrections) on the basis of

e scale variations

e behaviour of the perturbative series 00t f ;
e different scale choices: M/2, M/4, H;/2, H;/4 700 i * :
e breakdown of the corrections in different — ] -
= 600}
channels ; ; o uy=M/2
S 5007 o pp=M/4 -
First evidence of the convergence of the perturbative 100 o ug=Hp/2 -
expansion starts at NNLO. Preference for smaller _
scale choices 300+ Ho=Hr/4
The four predictions are fully consistent within their LO NLO NNLO
uncertainties
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Scale variations and perturbative uncertainties

We estimate the perturbative uncertainties (due to missing higher order corrections) on the basis of

e scale variations

e behaviour of the perturbative series 300f t -

e different scale choices: M/2, M/4, H;/2, H/4 7001 1 * -

e breakdown of the corrections in different = i .
= 600¢

channels ; ; o uy=M/2

s 5007 * =M/

First evidence of the convergence of the perturbative 100 o ug=Hp/2 -
expansion starts at NNLO. Preference for smaller _

scale choices 300k po=H7/4 -

LO NLO NNLO

Using the predictions with y, = M/2 and symmetrising its scale uncertainty, we obtain an interval that

almost encompasses also the predictions obtained with y, = M/4 and u, = H;/4.
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Scale variations and perturbative uncertainties

We estimate the perturbative uncertainties (due to missing higher order corrections) on the basis of

e scale variations 500 .
qq .
e behaviour of the perturbative series 450 | 04
rest
e different scale choices: M/2, M/4, H;/2, H/4 400 F
e breakdown of the corrections in different 350 -
channels 200
£
No new large contribution from channels opening + 950 L
up at NNLO .%
o 200 r
NNLO corrections dominated by virtual and real 150 |
correction to the gg channel (NLO accurate)
100 r
We use as central scale yy, = M/2 and estimate 50 -
perturbative uncertainties through symmetrised ]

scale variations

NLO

NNLO
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ttW: inclusive cross sections

ogw+ [{b] 0w - [fb] ow [fb] Otgw+/ Otiw -
LOqep 283.4125-3% 136.8125-2% 420.2125.3% 2.071132%
NLOqcp 416.9112-5% 205.1113-2% 622.0112 7% 2.03313-0%
NNLOqcp AT5.2008% £1.9% 23557310 £1.9%  TIOTHANR £1.9%  2.018F15%
NNLOqcp+NLOgw ~ 497.518:5% @ 247.9770% @ 745.3T07% +£1.8%  2.00772 15
ATLAS 58575 5% 7.5% 301750% " 10:3% 89073 6% *7-0% 1.955 %0 <675
CMS 55315 4% 5 4 34377 6% 7 % 86875 6% sox 16105 5y

Uncertainty associated to the approximation of the 2-loop virtual amplitude

Impact of radiative corrections

e Large positive NLO QCD corrections: +50 %
e Moderate positive NNLO QCD corrections: +14 — 15 %

* Relatively sizeable positive corrections from
all LO and NLO contributions at O(a?), O(agaz), O(aa®), O(a™): +5 %

e The ratio o,7y+/0,7y- is rather stable and only slightly decreases increasing the perturbative order
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ttW: inclusive cross sections

0w+ [1b] oyiw - [fb] 0w [1b] Otiw+ [ OEw -
LOqcp 283.4125-3% 136.8123-2% 420.2125.3% 2.071132%
NLOqch 416.91712-5% 205.1113-2% 622.01 12 7% 2.033139%
NNLOqcp 475.27¢ 50 £1.9% 2355700 £1.9%  710.7F530 £1.9% 20187157
NNLOqcp+NLOgw ~ 497.518:5% @ 247.9770% @ 745.3T07% +£1.8%  2.00772 15
ATLAS 5851 5% 7 5% 3017505 “10'5% 89013 6% rom 195790y o
CMS 5533 150 s.4% 34377 s 7 s 868 ansom L6155 5y

Other uncertainties

e PDF uncertainties: =1.8 % (£ 1.8 % ratio)

Uncertainty associated to the approximation of the 2-loop virtual amplitude

[S. Devoto, T. Jezo, S. Kallweit and C. Schwan in preparation]
computed with new MATRIX+PINEAPPL implementation

e o, uncertainties (half the difference between pdf sets for a(m,) = 0.118 = 0.001)

+1.8 % ( negligible for ratio)

e Systematics of the g;~subtraction method (., — 0 extrapolation) are negligible
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State of the art: data-theory comparison

Mo ques&ww

[s the discrepancy due to missing higher order corrections (aka NNLO QCD corrections to
the on-shell 1t W process)?
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ttW: updated comparison with data

The inclusion of newly computed NNLO QCD
corrections leads to

450:_ + ATLAS +CMS % NNLOqcp+NLOgy -

e moderately higher rates

* reduction of perturbative uncertainties 100k

Comparing to the NLO QCD + EW prediction

. y . . £ 3501 —
supplemented with FxFx multijet merging, we find good T
agreement within the quoted uncertainties S
300 l
— +6.7% '
Ogw — 745'3—6.7%
5TXFx — +9.7% 2001 _
O1rw = 722.3 —10.8%
2|

450 500 550 600 650 700 750
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Conclusions

We have presented the first calculation of the NNLO QCD radiative corrections to (on-shell) ##W based on

e the g, subtraction formalism for the production of a coloured massive final state + a colour singlet system
(thanks to the progress in the calculation of the corresponding soft function)

e areliable approximation of the missing two-loop virtual amplitude based on two factorisation approaches:
the soft W boson approximation and the massification procedure.
The two-loop virtual contribution is not negligible (7% of oxng o) and we have achieved a good control (at the
level of 1.8%, smaller than the scale uncertainty)

We have studied their impact on W rates at the LHC

e NNLO QCD radiative corrections leads to moderately higher rates (around +15%) and reduce the
perturbative uncertainties (around 7%)

e the tension with data stays at the 16 — 20 level
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g subtraction systematics

CcT £ 4T cut
1710 dGNkLO T @(rcut Feut =

R
doviy = F ® doy  + [daNk
QT/Q>rcut My

residual power
Ao [ACexact — 1 [ 7] tHW™ corrections

3.0 I 1T 1 I I 1T 1T 1 I I T 1T 1 I I 1T 1T 1 I I T 1T 1 I I 1T 1T 1 I I 1T 1T 1 I I 1T 1T 1 I I 1T 1T 1 I 1T 1 1)

f Al(iIzllILO (Teut)

Aextrap . . .
NNLO Behaviour of the power corrections compatible

2.9

e _ 1

2.0 with a linear scaling as expected from processes

e _ 1

with massive final state

1.5

1.0 I
s esexssamm R RRRRRRY Overall very mild power corrections
O B s e
1 q / A LA VAT YU MA UM MA I NY 470%0300%0208%020 4% 040 2l 4% 0 20 %1% gy
%P4 / NALIA T V7 NV NNA NN %04V 0%0 2V 4%020 4V 0%0 4V %02V 4% 0P dV4%s a8 4V e«
A AU %0%23%0%04%0%0408%0 20 4%0%0 2% %0 4P d%0 2P 4% 0% 2040 e%0 40 d%0%perd% 9% / .
vdY% A AUV U MA UM A U MA T MA AN Y NN AL LA C 1 fh NNLO @067
YN <23 lnakatinanainanatnnatolnaseleinatnnahalnalele hale hilss sty /7 ontrol of the correction at 070
. VI UM 40 9%0309%9%0309%0% MU ML
A AUV / /////////////.f/./------ﬂ-/
Y > — sub 1lle eft he level of th 1
s : sub permille effect at the level of the tota
/| 4 d
0.5 BUHERE _

Cross section

_1.0 'R TN N N TR TR NN M NN TN N N A N TN TR TR N TN TN TN TN NN NN NN NN S NN TR TN TN N N T T NN T A TN NN N B N T R

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Teus = Cutq, /@ [7]
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Soft H approximation

| /”%Zk] >~ Fla(uR);m,/ug) X J(k) X | /ﬂg’] >

nm, m
Jiky =) pr. .fk

l
The perturbative function F (aS(,uR); m,/ //tR) can be extracted from the soft limit of the scalar form factor of the

heavy quark
[Bernreuther et al, 2005] [Bliimlein et al, 2017]

Fa.G)R); m /i) = 1 - ;S( 3C,)
T

o) 2
ag\° (33 , 185 13 Ui ;
+ (2—71_) <T F 1 CFCA + ?C)F(nl + 1) o 6CFﬂO In mt2 + 0 (aS)

Alternatively, it can be derived by using Higgs low-energy theorems

see e.g. [Kniehl, Spira, 1995]
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ttH: quality of the soft H approximation

At LO, the soft H approximation overestimates the exact result by

» gg channel: a factor of 2.3 at \/E = 13 TeV and a factor of 2 at \/E = 100 TeV

» qq channel: a factor of 1.11 at \/E = 13 TeV and a factor of 1.06 at \/E = 100 TeV

V3 = 13TeV Vs = 100 TeV
o [fb) 99 qq 99 qq
oo 261.58 129.47 23055 2323.7
AoNLon 88.62 7.826 8205 217.0
AONLO H eott 61.98 7.413 5612 206.0
Aoxntomlsot | —2.980(3)  2.622(0) | —239.4(4)  65.45(1)

At NLO, the approximation performs better than at LO because of the LO re-weighting
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ttH: quality of the soft H approximation & uncertainties

Uncertainties estimates by
> varying the momentum mapping used to absorb the recoil of the H boson

> varying the infrared yp subtraction scale at which the H® is evaluated from the central value m,z; to m,-,/2
and 2m 7y

When evaluating H®) at a subtraction scale different from the central value, we added the contribution
stemming from the running from the pi to m,;; using the exact matrix elements

Uncertainties estimated by multiplying by a tolerance factor of 3 the deviations found at NLO:
30% for the gg channel and 5% for the gg channel.

This encompasses the uncertainties associated to the variations above

Finally uncertainties obtained by combining linearly the gg and the gg channel
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